INTRODUCTION
============

The largest interannual variability of sea level occurs in the tropical Pacific ([Figs. 1](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"}) and is a well-known aspect of El Niño--Southern Oscillation (ENSO) ([@R1]--[@R3]) and its interaction with the annual cycle ([@R4]--[@R8]). During strong El Niño events, such as observed in 1982--1983 and 1997--1998, sea level drops around tropical western Pacific islands by up to 20 to 30 cm ([Fig. 1](#F1){ref-type="fig"}) ([@R9]). Such extreme low sea levels expose shallow reefs (referred to in Samoa as "*Taimasa*," which means foul-smelling tide) ([@R8], [@R10]), thereby damaging associated coastal ecosystems and contributing to the formation of "flat-topped coral heads" often referred to as microatolls ([@R11]). At the same time, sea levels rise in the eastern Pacific---especially along the equator, where anomalies exceeding 35 cm have been recorded around the Galápagos Islands ([@R12])---stressing coastal ecosystems by sea level high stands ([@R13]). This Pacific-wide sea level seesaw generally reverses during La Niña, although the anomalies rarely exceed 10 cm ([Fig. 1](#F1){ref-type="fig"}) and coastal impacts are typically less severe ([@R14]).

![Observed sea level anomalies (1979--2013; see Materials and Methods) from Ocean Reanalysis System 4 (ORA-S4) (blue) and available tide gauge records (orange) around Guam (Apra Harbor), Samoa (Pago Pago), central Line Islands (Kiritimati), and the Galápagos Islands (Santa Cruz), respectively.\
Locations are shown in [Fig. 2A](#F2){ref-type="fig"} (4° latitude × 4° longitude averaging regions for ORA-S4). Here, any long-term trends are retained and there is no filtering to remove stochastic noise. The strong El Niño events during 1982--1983 and 1997--1998 are highlighted. There is close correspondence between ORA-S4 and tide gauges, except around Samoa since the 2009 earthquake (dashed line).](1500560-F1){#F1}

![Observed sea surface height variability on interannual (top) and annual cycle (bottom) time scales and the corresponding CMIP5 21st-century projections.\
(**A** and **C**) Observed (1979--2013) SD of sea surface height (cm). The red boxes in (A) represent island averaging regions used in [Fig. 5](#F5){ref-type="fig"}. Orange contours in (C) enclose large annual cycle variations in wind stress curl (SD exceeding 3.5 × 10^−8^ s^−1^). (**B** and **D**) Multimodel projection (22 models that simulate the observed nonlinear relationship between El Niño and the SPCZ) ([@R18]) for RCP8.5 (2006--2100) with respect to the historical experiment (1911--2005) for the SD of interannual and annual cycle variability (% change). Stippling denotes regions with no significant change in the multimodel variance according to a two-sample *F* test (*P* \< 95%) with degrees of freedom specified by either the number of model-years (B, 22 models × 95 years) or model-months (D, 22 models × 12 months), respectively, for interannual and annual cycle changes.](1500560-F2){#F2}

Such sea level extremes are caused by wind-driven, massive zonal and meridional shifts of the tropical Pacific thermocline, associated with ENSO ([@R1], [@R15]). During El Niño, weak equatorial trade winds cause the thermocline to shoal in the tropical western Pacific and deepen to the east, producing a zonal sea level pattern that mirrors these subsurface changes ([@R16]). Meridional asymmetry in sea level is most pronounced during strong El Niño events ([@R17]), such as in 1982--1983 and 1997--1998. The meridional sea level pattern has recently been linked to near-equatorial collapses of the South Pacific Convergence Zone (SPCZ) ([@R8]). These so-called zonal SPCZ events ([@R18])---and the associated wind stress anomalies ([@R19], [@R20]) that force oceanic Ekman suction ([@R21]) and cause sea level drops ([@R22])---prolong the negative effects of *Taimasa* throughout the equatorial central and tropical southwestern Pacific.

Recent modeling studies project an increase in the number of zonal SPCZ events ([@R18]), as well as extreme El Niño ([@R23]) and La Niña ([@R24]) events, in response to greenhouse warming. How these projections translate into changes in interannual sea level extremes in the tropical Pacific has not been examined ([@R25]). Using a set of global climate models that capture the main observed modes of interannual wind and sea level variability, we here show that there is an increase in future extreme sea level events with greenhouse warming.

RESULTS
=======

State-of-the-art coupled general circulation models (CGCMs) simulate the salient features of interannual sea level variability in the tropical Pacific reasonably well ([@R26]), although model performance varies considerably and some simulations suffer large global sea level drifts (fig. S1), which we remove for our analysis. Examining simulations conducted as part of the Coupled Model Intercomparison Project phase 5 (CMIP5) (table S1) ([@R27]), which can simulate the observed nonlinear relationship between the leading modes of precipitation ([@R18]) and wind variability in the Pacific (see Materials and Methods for model selection criteria), one finds that the future interannual variability of sea level is expected to increase by 2100 in almost the entire tropical Pacific for the representative concentration pathway 8.5 (RCP8.5) ([Fig. 2B](#F2){ref-type="fig"}; 5 to 25% change in SD). The changes are most pronounced in the region centered around the date line in the equatorial Pacific, where the observed sea level variability, represented here by the European Centre for Medium Range Weather Forecasts operational ORA-S4 ([@R28]), is less than in either the western or the eastern Pacific ([Fig. 2A](#F2){ref-type="fig"}; 4 cm SD compared to up to 10 cm). Past sea level extremes here followed strong El Niño events and are associated with winds accompanying the zonal collapse of the SPCZ ([@R8]). These future changes are not as pronounced in the CGCMs that fail to simulate the nonlinear characteristics of Pacific rainfall variability (fig. S2).

The variability of the present-day observed annual cycle of sea level in the tropical Pacific ([Fig. 2C](#F2){ref-type="fig"}) is largest in a series of horizontal bands adjacent the mean location of wind stress convergence associated with the Intertropical Convergence Zone (ITCZ) and the SPCZ. The largest projected future greenhouse warming changes of the sea level annual cycle ([Fig. 2D](#F2){ref-type="fig"}) are found adjacent and poleward of the observed maximum annual cycle ([Fig. 2C](#F2){ref-type="fig"}). In contrast, changes along the equator are relatively small and not significantly different from the historical experiment. The future change pattern is consistent with a projected increased annual cycle of the Pacific climate ([@R29]) that enhances the meridional range of wind stress curl anomalies associated with the margins of the ITCZ (in the Northern Hemisphere) and SPCZ (Southern Hemisphere), which are projected to have more extreme swings with greenhouse warming ([@R18], [@R23], [@R24]).

By calculating empirical orthogonal functions (EOFs) of sea surface height anomalies from ORA-S4, we can decompose interannual sea level variability into two leading modes of variability. The spatial patterns of observed EOF1 and EOF2 show the zonal and meridional seesaws of sea surface height anomalies ([Fig. 3](#F3){ref-type="fig"}, insets) previously detected in the tropical Pacific ([@R8], [@R16], [@R17]), which are associated with ENSO and the ENSO/annual cycle combination tone ([@R7]), respectively. As evidenced by the principal component time series of EOF1 and EOF2 (PC1 and PC2), the zonal seesaw ([Fig. 3A](#F3){ref-type="fig"}) peaks during each El Niño, but only two extremes (\>3 SDs) of the meridional seesaw ([Fig. 3B](#F3){ref-type="fig"}) have been observed since 1979. Both extremes of the meridional pattern occurred during the termination of the strong El Niños of 1982--1983 and 1997--1998.

![Two principal modes of sea surface height variability observed (1979--2013; black lines) in the tropical Pacific and the CMIP5-simulated sea surface height anomalies (dots) for the historical (1911--2005) and RCP8.5 (2006--2100) experiments projected onto the observed EOF1 and EOF2 patterns (maps).\
(**A** and **B**) EOF1 (EOF2) explains 43% (14%) of the observed variance, and the SDs of these modes are projected to increase by 32 and 35%, respectively (RCP8.5 minus historical; blue and red vertical bars indicate the ±2 SD range of the historical and RCP8.5 periods, respectively). Green lines show the 20-year running mean and ±2 SD range of the principal modes. Strong and extreme events are shaded (orange and red, respectively, exceeding the ±2 or ±3 running SD range).](1500560-F3){#F3}

Examining sea surface heights from the 20th-century CMIP5 simulations, by projecting the simulated anomalies from each model onto the observed EOF1 and EOF2 patterns ([Fig. 3](#F3){ref-type="fig"}, insets), we find no obvious change in either the occurrence or the amplitude of the zonal or meridional sea level oscillations ([Fig. 3](#F3){ref-type="fig"}, A and B, respectively). In contrast, for the 21st century, the variance of both EOF projections increases compared to that for the 20th century. In the future simulations, the EOF1 and EOF2 time series have a higher number of strong and extreme amplitudes (\>±2 and ±3 SDs, respectively), suggesting an increased likelihood of zonal and meridional sea level seesaws in response to greenhouse warming. Along with this increased occurrence of extreme amplitudes, there is a clear trend toward more months with a positive EOF2 projection. We note that the spatial patterns of the simulated zonal and meridional seesaws (fig. S3) resemble the observed patterns ([Fig. 3](#F3){ref-type="fig"}, insets) for both the historical and future periods. These results suggest that below-normal sea levels will become more frequent in the tropical southwestern and equatorial central Pacific, consistent with the likely future doubling of zonal SPCZ events ([@R18]) and more extreme future wind stress curl anomalies associated with ENSO, the annual cycle, and combinations thereof (fig. S4).

The leading two patterns of sea level variability exhibit an asymmetric, nonlinear relationship ([Fig. 4A](#F4){ref-type="fig"}) between PC1 and the 8-month lagged PC2 ([Fig. 4A](#F4){ref-type="fig"}, inset), which is dominated by extreme values in positive PC1 and PC2 that correspond to the El Niño *Taimasa* events ([@R8]). Similar extreme values for La Niña events are absent. The fact that extreme amplitudes of the EOF2 projection lag EOF1 prolongs sea level anomalies in those regions of the Pacific where the EOF patterns are of the same sign (see [Fig. 3](#F3){ref-type="fig"}, insets), potentially enhancing local impacts from El Niño such as low sea level stands and coral die-offs. The opposite pattern combination (EOF1 and EOF2 projections \<−2 SDs) has never been observed, but such an event---should one ever occur---would be associated with prolonged coastal inundations in the same regions affected by *Taimasa*. Such sea level high stands (that is, summing the opposite of the leading patterns of sea level variability shown in [Fig. 3](#F3){ref-type="fig"}, insets) are perceivable should future changes occur in the wind stress curl associated with the orientation of the SPCZ, perhaps influenced by future extreme La Niña events ([@R24]) combined with changing mean sea surface temperatures ([@R30]). The nonlinear relationship between the zonal and meridional seesaw modes ([Fig. 4A](#F4){ref-type="fig"}) is also reminiscent of similar characteristics for the rainfall variability in the Pacific ([@R18], [@R23]) and equatorial wind stress (fig. S5).

![Observed nonlinear relationship of sea surface height variability and its future change under greenhouse warming.\
(**A**) Nonlinear and lagged (8-month) relationship between the first and second EOF projection time series of sea surface height anomalies. The inset shows the correlation coefficient between the first and second EOF projections as a function of lag in months (EOF2 lags EOF1 by 8 months, *r* = 0.57). The critical value (*P* \> 95%) for the correlation coefficient is 0.39 based on the autocorrelation decay time scales of the projections. The solid green box encloses the prolonged sea level drops for the tropical southwestern Pacific (*Taimasa*; 13 months observed when both EOF1 and EOF2 projections exceed 2 SDs). Prolonged interannual coastal inundation of similar magnitude and duration has not been observed (dashed green box). (**B**) Projected future change (RCP8.5 minus historical; color scale) and 20th-century (historical; dashed and solid black contours) multimodel probability of occurrence (%) for the principal variability patterns of sea surface height (EOF2 lags EOF1 by 8 months). Contour intervals are nonlinear: 10^−3^, 10^−2^, 10^−1^ (dashed), and 1 (solid). A kernel smoothing function (normal distribution; bin width of 1 SD) is applied to the bivariate distribution. An increase in *Taimasa* events (380 versus 875 simulated-months) and prolonged coastal inundation (18 versus 98 simulated-months) from the historical to future period is projected (months when both EOF1 and EOF2 projections exceed ±2 SDs; blue circles, historical; red dots, RCP8.5).](1500560-F4){#F4}

With greenhouse warming and changing wind stress patterns (figs. S5 and S6), the combined EOF1-EOF2 sea level relationship is projected to become more nonlinear ([Fig. 4B](#F4){ref-type="fig"}). That is, future changes are most pronounced when both sea level modes are of the same sign---either positive or negative---and, furthermore, the variance increase of EOF2 (35%) is larger than that of EOF1 (32%). Dividing the number of months with extreme combined EOF1-EOF2 positive anomalies ([Fig. 4B](#F4){ref-type="fig"}) by the typical 6-month duration of prolonged low sea levels observed around Samoa ([@R8]), the average frequency of *Taimasa* events increases from about once every 33 years (63 events in 2090 model-years) in the 20th-century CMIP5 experiments to one event every 14 years (146 events in 2090 model-years) in the 21st century. These results are significant according to a bootstrap resampling test (see Materials and Methods), are further supported by strong intermodel agreement (table S1; increase for 16 of 22 selected models), and signify a likely near-doubling in the future number of prolonged sea level drops in the *Taimasa*-affected regions relative to the rising global mean sea level. Conversely, the change in combined negative EOF1 and EOF2 anomalies also suggests the potential for unprecedented coastal inundations in the same parts of the Pacific (multimodel increase is fivefold, [Fig. 4B](#F4){ref-type="fig"}), although it is difficult to estimate a future return period for such sea level high stands without an observational analog and poor multimodel consensus (table S1; 9 models increase and 2 models either decrease or stay the same, but 11 models simulate no extreme inundations in either period) further cautions the result.

[Figure 5](#F5){ref-type="fig"} shows the observed sea level probability distribution in four island regions (Guam, Samoa, central Line Islands, and Galápagos) that are located in areas of large observed sea level variability ([Fig. 2A](#F2){ref-type="fig"}) as well as projected future interannual change exceeding 5% of the historical SD ([Fig. 2B](#F2){ref-type="fig"}). For the historical period, CGCMs generally resolve the observed probability distribution of sea levels in these regions well, although the simulated variance is less than observed (table S2). On interannual time scales in the tropical Pacific, variations of observed and simulated regional sea levels approach the magnitude of global mean sea level rise projections for the middle part of the 21st century ([@R31]), although extreme sea levels of this size are observed in less than 1% of months.

![Probability distribution of observed and simulated sea surface height anomalies (cm) for island regions in the tropical Pacific.\
(**A** to **D**) Monthly anomalies around Guam, Samoa, Kiritimati in the central Line Islands, and the Galápagos Islands, respectively. Locations are shown in [Fig. 2A](#F2){ref-type="fig"} (4° latitude × 4° longitude averaging regions). A kernel smoothing function (normal distribution; bin width of 1 cm) is applied to each distribution of sea surface heights: black (observations), blue (historical), and red (RCP8.5). The orange line shows the ratio $\frac{\text{RCP}8.5}{\text{historical}} - 1$ (expressed in %) for future values exceeding 0.1% (right axis). For reference, the global mean sea level (GMSL) rise projected for midcentury (2046--2065) is indicated by vertical lines (median and likely range for the RCP8.5 scenario) ([@R31]).](1500560-F5){#F5}

During the 21st century, the interannual sea level variability is projected to increase in amplitude across most of the tropical Pacific (RCP8.5 minus historical SD \> 0) ([Fig. 2B](#F2){ref-type="fig"} and table S2), but the distribution of future changes somewhat varies by region ([Fig. 5](#F5){ref-type="fig"}). In the northwestern Pacific around Guam ([Fig. 5A](#F5){ref-type="fig"}), for example, the change in extreme sea levels is greater for above-average anomalies compared to low sea level events. Such enhanced coastal inundations around Guam would be expected with more negative future extremes of the EOF1 projection (that is, above-normal sea levels in the western Pacific during La Niña); however, likely enhancement of the meridional sea level seesaw would continue to abruptly terminate extreme negative sea level anomalies in the northwestern Pacific (fig. S7), whereas prolonged high sea level stands are projected to increase more in occurrence (fig. S8). For the eastern equatorial Pacific, which is located at the opposite end of the EOF1 zonal sea level seesaw ([Fig. 3A](#F3){ref-type="fig"}, inset), increasing unprecedented sea level drops around the Galápagos Islands ([Fig. 5D](#F5){ref-type="fig"}) during La Niña mirror the projected inundations for Guam, although future coastal inundations are also likely to become more frequent with increasing extreme El Niño events. Because the eastern Pacific is not affected much by the lagged meridional seesaw, particularly near the equator and also along the Central and South American coasts ([Fig. 3B](#F3){ref-type="fig"}, inset), the duration of future extreme low sea level anomalies (fig. S7) is likely to be shorter for the Galápagos Islands (2.7 months year^−1^ \<−1 SD on average) compared to *Taimasa*-affected regions in the tropical southwestern Pacific and equatorial central Pacific (3.2 months year^−1^ for both regions).

Rather, it is the regions most affected by the meridional sea level seesaw (EOF2), particularly around Samoa in the southwestern Pacific as well as the equatorial central region around Kiritimati (central Line Islands), that face a combined future threat of more frequent sea level drops ([Fig. 5](#F5){ref-type="fig"}, B and C) and the largest changes in very long-duration events (fig. S7). Future wind-driven changes (figs. S5 and S6) in Samoa ([Fig. 5B](#F5){ref-type="fig"}) and Kiritimati ([Fig. 5C](#F5){ref-type="fig"}) are the largest for the sea level drops, consistent with more positive extreme EOF1 patterns and the long-term positive trend of the EOF2 projection time series in sea level ([Figs. 3](#F3){ref-type="fig"} and [4B](#F4){ref-type="fig"}). Because sea level EOF2 lags EOF1 by 8 months, such a trend would also prolong low sea level stands in both regions. For example in Samoa, the probability of an entire year having very low sea levels (\<−1 SD)---unprecedented in observations and occurring only three times in the historical simulations---is projected to increase to nearly 6% (125 model-years) (fig. S7).

DISCUSSION
==========

More frequent prolonged sea level drops will increase the exposure time of shallow reefs to air at low tide, a known inhibitor of upward coral growth ([@R11]). Considering the multimodel projected future doubling of *Taimasa* events identified here, it seems that this potential sea level stressor on corals should be considered in future assessments of whether coastal reef growth will be able to keep pace with global sea level rise. Conversely to the ecological risks posed by *Taimasa*, prolonged high sea levels---leading to coastal inundations that are so far unprecedented in most parts of the tropical South Pacific including around Samoa---may also become more frequent and intense with greenhouse warming. Regardless of the duration of interannual high sea levels, such anomalies will accelerate the regional risks posed by global sea level rise and any future land subsidence, even as many of these same regions will be faced with an increasing frequency of prolonged extreme sea level drops.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

We use simulated monthly mean sea surface height for the period of 1979--2013 from ORA-S4 ([@R28]) as a proxy for sea level variability in the observations, thus omitting the effects of vertical land motion such as the \~15-cm sea level rise around Samoa since 2009 ([Fig. 1](#F1){ref-type="fig"}, Pago Pago tide gauge). Monthly anomalies are computed relative to the mean seasonal cycle on the basis of the 35-year climatology. The variability on interannual time scales is highlighted ([@R8]) here, as opposed to either multidecadal time scales ([@R32]) or the longer-term sea level rise attributed to greenhouse warming ([@R33]), by removing any linear trend from the data and also filtering to remove any stochastic noise (frequencies exceeding 3 months). An extreme sea level event is defined when both the first and second EOF projections exceed ±2 SDs ([Fig. 4](#F4){ref-type="fig"}), corresponding respectively to prolonged sea level drops or potential coastal inundations in the tropical southwestern Pacific. A similar analysis is performed on surface wind stress anomalies (also from ORA-S4) (figs. S4 and S5), and the extreme wind stress--sea surface height relationship is shown in fig. S6. Simulated sea surface height and wind stress anomalies are similarly calculated from CGCMs, except anomalies are with respect to each model's 30-year climatology (1976--2005) and any long-term trends are retained before projecting each model onto the observed EOF patterns.

Following recent studies that found a near-doubling of the future frequency of tropical Pacific climate extremes such as zonal SPCZ events ([@R18]) and strong El Niño ([@R23]), we classify 31 CMIP5 CGCMs ([@R27]) by their ability to simulate these observed nonlinear climate characteristics that have previously been shown to be associated with observed extreme sea level events such as *Taimasa* ([@R8]). The majority of models (22; table S1) simulate the observed nonlinear relationship between the two leading EOF principal components of the rainfall variability in the tropical Pacific ([@R18]). One experiment from each model is used, covering the period 1911--2100 using historical anthropogenic and natural forcings to 2005 and then the future emission scenario (RCP8.5), which ignores volcanic and other natural aerosols for the later 95 years. For each model, we first interpolate the dynamic sea surface height and wind stress to the uniform 1° latitude × 1° longitude ORA-S4 grid using bilinear interpolation. We avoid effects of long-term sea level drift by removing each model's global average sea surface height anomaly at each month (fig. S1) but retain the patterns of any long-term sea level trends inherent to the model. (Figure S9 shows the same analysis but with linear trends at every grid point removed from each model.) We derive changes in the frequency of extreme sea level events by comparing the first 95 years (historical period) to the later 95 years (future period); thus, there is a large ratio between the climate change signal and any higher-frequency variability internal to the models.

Statistical analysis
--------------------

In addition to the two-sample *F* test of the change in multimodel variance of sea level ([Fig. 2](#F2){ref-type="fig"}), we use a bootstrap resampling method to examine whether the change in frequency of extreme sea level drops is statistically significant. The 2090 samples from the 22 selected models in the historical period (95 years) are randomly resampled with replacement to construct 10,000 realizations. The SD of the extreme sea level frequency in the inter-realization is 19 months per 2090 model-years, far smaller than the difference between the historical and the future periods at 495 months per 2090 model-years ([Fig. 4B](#F4){ref-type="fig"}), indicating statistical significance of the difference. The methodology is repeated for prolonged coastal inundation events (inter-realization, 4 months; future change, 80 months), which also shows a significant difference. In the nine models that fail to simulate the observed nonlinear tropical rainfall relationships (table S1), these future sea level changes are not robust (fig. S10).
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Fig. S1. Drift of global average sea surface height anomalies in CMIP5 (zos variable name) for the 20th century (historical) and 21st century (RCP8.5).

Fig. S2. CMIP5 21st-century projections of sea surface height variability on interannual (top) and annual cycle (bottom) time scales for the nine models that do not simulate the observed nonlinear relationship between El Niño and the SPCZ.

Fig. S3. EOF1 and EOF2 patterns of sea surface height variability for the historical (1911--2005) and RCP8.5 (2006--2100) experiments for the 22 models that simulate the observed nonlinear relationship between El Niño and the SPCZ.

Fig. S4. Two principal modes of wind stress variability observed (1979--2013; black lines) in the tropical Pacific and the CMIP5-simulated wind stress anomalies (dots) for the historical (1911--2005) and RCP8.5 (2006--2100) experiments projected onto the observed EOF1 and EOF2 patterns (maps).

Fig. S5. Observed nonlinear relationship of wind stress variability and its future change under greenhouse warming.

Fig. S6. Observed and changing sea surface height projections (*y* axes) as a function of wind stress projections (*x* axes).

Fig. S7. Probability of prolonged interannual sea level drops.

Fig. S8. Probability of prolonged interannual sea level rise.

Fig. S9. Changing sea surface height and wind stress projections with linear trends removed.

Fig. S10. Future change of sea surface height variability under greenhouse warming for the nine models that do not simulate the observed nonlinear relationship between El Niño and the SPCZ.

Table S1. Statistics of CMIP5 models.

Table S2. SDs of observed and simulated sea surface height anomalies (cm) for island regions in the tropical Pacific.
